We show that gravity wave forcing (GWF) plays a crucial role in the 3 barotropic/baroclinic instability that is frequently observed in the mesosphere and 4 considered an origin of planetary waves (PWs) such as quasi-two-day waves and four- respectively. This fact suggests that the barotropic/baroclinic instability is eliminated by 21 simultaneous generation of eastward and westward PWs causing PV flux divergence. 
Introduction

23
In both winter and summer seasons, the mesospheric dynamical field frequently 43 ‡ Forcing due to the divergence of momentum flux associated with GWs is frequently called GW drag. However, GW forcing can both accelerate and decelerate the mean flow. Thus, this paper uses "forcing" for GW forcing regardless of its sign.
hemisphere (NH) where PW activity is strong in the stratosphere, and to examine PWs 48 generated from these unstable fields in the mesosphere. We used simulation data from a 49 GW-resolving general circulation model (GCM) reaching from the surface to the upper 50 mesosphere (Watanabe et al. 2008 ). This GCM does not include GW parameterizations.
51
Thus, all waves, including GWs, were spontaneously generated in the model, although Moreover, we applied recently derived theoretical formulas for 3D residual mean 65 flow that are applicable to both GWs and PWs (Kinoshita and Sato 2013) to examine the 66 3D structure and formation mechanism of the unstable field. Hereafter this 3D theory is 67 referred to as the 3D transformed Eulerian-mean (TEM) theory because this theory can 68 be regarded as an extension of a commonly-used two dimensional (2D) TEM theory (e.g., 69 Andrews et al., 1997). The 3D TEM formulas were originally derived for perturbations 70 from the time mean, but the contribution of stationary waves can be evaluated as well 71 using an extended Hilbert transform (Sato et al. 2013) . With this method, the longitudinal 72 structure of the unstable fields was examined. mesosphere of the southern hemisphere (SH) using the same model simulation data.
75
Through a 2D analysis of the zonal mean fields using the 2D TEM equations, it was
76
shown that anomalous PV gradients were continuously observed in the mesosphere and where PW activity is stronger in the stratosphere than in the SH and analyzed 3D fields 80 as well as zonal mean 2D fields.
81
The remainder of this paper is organized as follows. A brief description of the 82 model data is given in Section 2 and a method of analysis including 3D diagnostics is 83 described in Section 3. Section 4 presents characteristics of the BT/BC unstable fields. In
84
Section 5, the interplay of PWs in the stratosphere and GWs that leads to the formation 85 of the unstable fields is examined using 2D TEM analysis. In addition, a 3D analysis was 86 performed to study the 3D structures of the unstable field. In Section 6, characteristics of
87
PWs observed in the mesosphere with anomalous PV fields are described, and their 88 implication is discussed. Section 7 presents summary and concluding remarks. 
Description of model data
91
We used data obtained from a GW-resolving middle atmosphere GCM that had 92 been developed for the KANTO project (Watanabe et al. 2008 To examine the PV longitudinal structure and its formation mechanism, we 179 conducted a 3D analysis using the 3D TEM theory recently derived by Kinoshita and Sato
180
(2013). The 3D distribution of the vertical component of the residual mean flow * is 181 calculated using the following formula and averaging that is needed for flux calculations, i.e., the second and third terms of the 186 right-hand side of (5), is made using an extended Hilbert transform (Sato et al., 2013) .
187
Note that the formulas for 3D residual mean flows including (5) were originally derived 188 for departures from the time mean under the assumption of small wave amplitudes.
189
However, these formulas are applicable to any perturbation if it can be extracted from the 
196
Moreover, in this study, 3D GW forcing was also examined as 
228
The Brunt-Väisälä frequency squared 2 is also enhanced above 3300 K while it is 229 minimized around 3000 K. Such a characteristic structure for 2 is mainly related to the 230 appearance of a significant low-temperature region around 3500 K ( ∼68 km), slightly 231 below the MPV maximum (Figs. 2g-2i ). It can be seen that temperature increases around 232 60°N and 2500 K, resulting in a merging of the stratopause of mid-latitudes with that of 233 high latitudes for the F-Period and M-Period.
234
The westerly (i.e., eastward) jet situated around 43°N and 3000 K during the N-
235
Period moved poleward to about 65°N and downward to a level of ∼2500 K during the Next, we examined the reason why a low-temperature region is formed around 245 45°N and 68 km, because this is a key feature for the appearance of the MPV maximum.
246
The most plausible mechanism is an adiabatic cooling associated with an upward residual 247 mean flow. Figure 3a shows a time-latitude section of the residual mean vertical wind 
285
Characteristics of PW E-P flux and PWF are as follows: during the N-Period, PW 286 activity is weak (Fig. 4d) ; during the F-Period, strong upward and slightly equatorward 287 E-P fluxes from the lower atmosphere are observed, and PWF is strongly negative at 30°-
288
60°N around 55 km (Fig. 4e) . This is responsible for the second negative maximum 289 observed for the total field (Fig. 4b) . The poleward and downward shift of the westerly weaker PWF can be observed for the M-Period (Fig. 4f) . Another important feature is a 292 significant positive PWF above 60 km at latitudes higher than ∼60°N during the F-Period 293 and M-Period, which is evidence for the existence of unstable PWs. It is also worth noting 294 that the strongly negative PWF peak equatorward of the positive PWF, as indicated in Fig.   295 3c, seems separated from the negative PWF maximum observed around 55 km. This 296 feature will be discussed in a later section.
297
We will now describe characteristics of the GWs. During the N-period, EPFD 298 caused by GWs (i.e., GWF) is significantly negative around 75 km, slightly above the 299 westerly jet at 30°-70°N (Fig. 4g) , which is responsible for the first negative EPFD 300 maximum of all waves (Fig. 4a) . The negative GWF shifts poleward and downward
301
following the westerly jet shift, and is located at around 70 km during the F-Period and 302 at around 67 km during the M-Period.
303
As already discussed, a strongly negative EPFD suggests the existence of strong hence MPV above the cold region. This is the formation mechanism of the MPV 327 maximum in mid-latitudes and hence the BT/BC unstable fields.
328
The poleward shift of GWF following the westerly jet shift is a key feature of this Next we analyzed the 3D fields using the 3D TEM equations formulated by it can be seen in Fig. 6b 
371
During the F-Period, MPV at 4000 K is maximized in a longitudinal sector 372 counterclockwise from 60°W to 120°E (Fig. 8k ), corresponding to a low-region at 68 373 km (Fig. 8h) . The low-region at 68 km corresponds to a region with significant 374 upwelling at 68 km (Fig. 8e) enhancement.
452
Next, horizontal structures of the PV maximum were examined using a 3D TEM PV maximum is caused by the GWF mirroring the PWs in the stratosphere.
459
Moreover, the EPFD equatorward and poleward of the PV maximum in the 460 mesosphere was negative and positive, respectively. This fact means that the PV flux is 461 equatorward and poleward from the PV maximum so as to make the PV peak shallower.
462
In other words, the generation of PWs through BT/BC instability in the mesosphere is winter mesosphere is one of such eastward PWs.
469
We suggest that this scenario can occur in the real atmosphere although it is 470 elucidated by the simulation using a high resolution GCM, which covers only a portion 471 of GWs. It is important to confirm the reality using observational data and reanalysis data.
472
In addition, it seems that these processes occur at a time scale of days to a few tens of 
479
It is also worth noting that the negative GWF in the mesosphere is partly cancelled
480
by positive PWF poleward of the MPV maximum (Fig. 4) . The generation of PWs from role of a full spectrum of GWs quantitatively using much higher resolution models.
509
However, these issues are beyond the scope of the present paper and we leave these for 510 future work. 
